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Purpose: Previous studies have shown that myopes produce an asymmetrical loss in contrast sensitivity with positive and negative
defocusing lenses at low-medium spatial frequencies (1–7 c/deg) compared to non-myopes. The measurement of contrast detection in
noise allows any given loss in visual sensitivity to be attributed to two components namely sampling eﬃciency and/or equivalent noise.
Previous work has also shown that sampling eﬃciency gives an indication of the neural eﬀects and in the absence of sampling eﬃciency
changes, changes in equivalent noise levels are considered to be due to optical factors. We investigate whether the asymmetrical loss
shown by myopes to defocus can be explained by changes in sampling eﬃciency or equivalent noise, or both.
Methods: Contrast thresholds in four diﬀerent levels of externally added noise were measured in ﬁve myopic and ﬁve non-myopic
subjects for Gabors of 3 c/deg. Measurements were obtained under cycloplegia with 0 D, ±0.50 D, and ±1.00 D defocusing lenses.
RMS wavefront aberrations were also measured using a Shack-Hartmann aberrometer.
Results: In the absence of noise, there was no signiﬁcant diﬀerence in contrast sensitivity without defocus between myopes and emme-
tropes. When sampling eﬃciency and equivalent noise were measured from Contrast Detection in Noise functions, analysis of variance
showed no signiﬁcant diﬀerence in sampling eﬃciency between myopes and non-myopes (p = 0.145). Myopes showed maximum levels of
equivalent noise with +1.00 D defocus, decreasing to a minimum with 1.00 D defocus (p = 0.009). Non-myopes showed a symmetrical
increase in equivalent noise from zero for both positive and negative defocus. A signiﬁcant correlation was found between equivalent
noise and the total RMS of Wavefront aberrations of the eye (p = 0.026).
Conclusion: Optical factors explain the observed diﬀerences in contrast sensitivity with positive and negative defocus between myopes
and non-myopes.
 2006 Elsevier Ltd. All rights reserved.
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The human contrast sensitivity function depends on a
combination of optical and neural factors. The optical fac-
tors include refractive error, ocular aberrations, diﬀraction,
and scatter. The neural factors include the size, sensitivity
and spacing of the retinal cells, degree of spatial summa-
tion at various levels, and higher level processing. Contrast
sensitivity to high spatial frequencies is more likely to be0042-6989/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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(H. Radhakrishnan).aﬀected by optical factors as opposed to low spatial fre-
quencies. Strang, Winn, and Bradley (1998) examined visu-
al acuity in a group of axial myopes to study the
contribution of optical and neural factors in the reduction
of visual acuity in myopes. They found that when magniﬁ-
cation eﬀects are factored out, visual acuity does decline
with increasing myopia and contact lens correction does
not lead to increased visual acuity in axial myopes when
compared to emmetropes. They concluded that both reti-
nal and optical factors may contribute to the decline in
visual acuity with increasing myopia.
We examined the eﬀect of positive and negative defocus
on visual function and found that myopes have relatively
  
 
 
 
 
         
 
 
 
Fig. 1. Contrast detection in noise functions showing a linear relationship
between signal energy and noise spectral density (Legge et al., 1987). The
ideal observer is represented as a noise free observer (shown by an x-
intercept of zero) and a sampling eﬃciency of 100% (shown by a slope of
1). Hypothetical observer A shows a higher level of equivalent noise and a
higher sampling eﬃciency than hypothetical observer B.
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ative defocus when compared to positive defocus (Radha-
krishnan, Pardhan, Calver, & O’Leary, 2004a, 2004b).
The contrast sensitivity loss with defocus in non-myopes
was found to be symmetrical with both positive and nega-
tive lenses at all the spatial frequencies tested (1–20 c/deg).
Radhakrishnan et al. (2004a) showed that the asymmetry
in contrast sensitivity to positive and negative defocus in
myopes can be predicted by calculating modulation trans-
fer functions from ocular spherical aberration. However,
both spherical aberration and higher order RMS aberra-
tions were found not to be signiﬁcantly diﬀerent between
myopes and non-myopes. Therefore, the possibility of
additional neural factors inﬂuencing the asymmetry in loss
of contrast sensitivity with positive and negative defocus in
myopes cannot be ruled out. It is not known whether the
asymmetry shown by positive and negative defocusing lens-
es in myopes is due to an optical and/or a neural change
when compared to non-myopes. One way of dealing with
this question is to compare the observers performance with
that of an ideal observer (Legge, Kersten, & Burgess, 1987).
A real observers’ deviation from ideal performance is char-
acterized by two factors, the level of internal noise and the
eﬃciency of collecting the available stimulus information.
In general, for targets with uniform background, contrast
thresholds of real observers are higher than ideal thresh-
olds. There is no way of knowing whether the relatively
higher threshold found in a real observer is due to higher
internal noise or due to ineﬃcient sampling of the stimulus
information by the observer. The eﬀects of these two fac-
tors can be evaluated by measuring visual thresholds as a
function of the level of externally added visual noise. This
study investigates the asymmetry in contrast sensitivity loss
to positive and negative lenses in myopes by measuring
contrast thresholds in externally added visual noise. By
measuring contrast thresholds in the presence of externally
added noise, visual sensitivity can be partitioned into two
components representing the observer’s sampling eﬃciency
(or calculation eﬃciency) and equivalent noise.
1.1. Measurement of contrast thresholds in noise
Visual noise is deﬁned as random ﬂuctuations in lumi-
nance over space and time. The visibility of a sinusoidal
grating (signal) decreases in the presence of externally add-
ed visual noise. To maintain the same level of detectability,
the contrast of the grating needs to be increased. Increasing
the strength of noise requires a corresponding increase in
the strength of the signal to maintain the same level of
detectability. Contrast squared of the target is proportional
to the signal energy (Legge et al., 1987). The noise spectral
density is proportional to the square of the average con-
trast of the induced visual noise. Legge et al. (1987) showed
that a linear relationship exists between target signal energy
and noise spectral density as shown by the hypothetical
plots in Fig. 1. This linear relationship is known as the con-
trast detection in noise function. For a real observer, thesignal energy (Et) required to keep a target at threshold
in diﬀerent levels of added external noise (N) is
Et ¼ ðd 02=JÞ  ðN þ N eqÞ;
where, d 0 represents the threshold detectability criterion, J
is the sampling eﬃciency, and Neq is the equivalent noise
level.
If the detectability is kept constant at d 0 = 1, then Fig. 1
can be represented by:
Et ¼ ð1=JÞ  ðN þ N eqÞ:
This linear equation allows us to extract two important
parameters from contrast detection in noise function. First,
the x-intercept of this function provides a measure of the
equivalent noise that is a representation of the internal
noise present in the system expressed in same units as the
external noise (Pelli, 1981). Burgess (1986) suggested that
internal noise could be envisaged as the noise within the
human observer that limits sensitivity to a particular target
and that needs to be ‘overcome’ before the signal can be
detected. Secondly, the reciprocal of the slope of contrast
detection in noise function gives the sampling eﬃciency
of the eye. The sampling eﬃciency characterises the perfor-
mance of the method used by the visual system to sample
the image, weight the coeﬃcients approximately, integrate
the result, and utilise a priori information (Burgess, Wag-
ner, Jennings, & Barlow, 1981). The sampling eﬃciency
compares the observers’ capability in making use of the
available stimulus information to that of the ideal observer.
Exact prior knowledge of the signal parameters would en-
able the ideal observer to correlate the received signal
parameters optimally to those expected, leading to a max-
imum sampling eﬃciency of 100%. A real observer would
almost always show a sub-optimal correlation between
the expected and received stimulus information resulting
in lower sampling eﬃciency. Steeper slopes indicate more
signal energy is required to ‘overcome’ the same increase
in external noise, and therefore represent a lower sampling
eﬃciency.
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an ideal observer whose visual system has no internal noise
and 100% sampling eﬃciency (x-intercept of 0 and slope of
1). A hypothetical observer A who has a high level of
equivalent noise will have x-intercept of less than zero
(the higher the equivalent noise, the more negative the x-in-
tercept will be). A hypothetical observer B having less than
100% sampling eﬃciency will have a slope greater than 1.
It has been shown that neural disorders such as ambly-
opia and optic neuritis produce a decrease in sampling eﬃ-
ciency with or without a change in equivalent noise
(Kersten, Hess, & Plant, 1988). Pure optical dysfunctions,
such as optical defocus and cataract, show a change in
equivalent noise only with the sampling eﬃciency remain-
ing unaltered (Pardhan, Gilchrist, & Beh, 1993). Contrast
detection in noise has also been used to study the changes
in sensitivity with aging (Bennett, Sekuler, & Ozin, 1999;
Pardhan, 2004). Decreasing the luminance level with neu-
tral density ﬁlters increased only the internal noise level
(Nagaraja, 1964). As ocular aberrations are a major source
of optical limits to vision in optimally corrected healthy
young population, the possibility of any relationship
between ocular aberrations and equivalent noise is impor-
tant and was investigated in this study.
We measured contrast detection in the presence of exter-
nally added noise for a group of myopes and non-myopes
to determine if the relatively lower contrast sensitivity loss
shown with negative lenses in myopes could be attributed
to optical or neural factors. Any correlation between the
internal noise of the eye and the ocular aberrations was
also explored.2. Methods
Five myopic and ﬁve non-myopic subjects with mean age 24.6 ± 5.44
years (range: 21–39 years) took part in the study. Except for two emmetro-
pic subjects, no other subjects participating in the present study were the
same as those who took part in study by Radhakrishnan et al. (2004a).
The mean spherical equivalent refractive error in the myopic group was
3.55 ± 0.84 D (range: 2.75 to 4.75 D) and +0.35 ± 0.30 D (range:
Plano to +0.75 D) in the non-myopic group. All subjects were screened
to exclude astigmatism (greater than 1.25 D), myopic retinal degeneration
or any ocular disease.
The measurements were carried out on the left eye only. Two drops of
cyclopentolate hydrochloride 1%, were instilled with a 3 min interval in the
left eye. One drop of cyclopentolate hydrochloride 0.5% was instilled every
2 h during the experiment. The experiments took approximately 6–8 h for
every subject and cycloplegia was monitored as in Radhakrishnan et al.
(2004a). Thirty minutes after the installation of the cycloplegic, the pupil
diameter increased to 7 mm or more. The refractive error was measured
using cycloplegic autorefraction followed by a full subjective refraction
with an artiﬁcial pupil (6 mm diameter) at 6 m to determine the refractive
error. The subjects were given optimum refractive correction for the 1 m
test distance while performing the psychophysical tests. The end point
of refraction was duochrome balanced at 1 m and a reduction in vision
by at least four lines with +1.00 D blur test at a test distance of 6 m. Dur-
ing the experiment the refractive error of all the subjects was corrected
using trial lenses placed at a vertex distance of 13–14 mm.
A random double staircase procedure (Cornsweet, 1962) was used to
determine the contrast threshold with the diﬀerent noise levels. The initial
contrast level was determined using the ‘method of limits.’ Two staircasesof the same spatial frequency were presented in a randomised order. Each
trial was started by a computer mouse click and an auditory cue was given
50 ms prior to stimulus presentation. The trial consisted of a 250 ms expo-
sure and the subject responded indicating whether they could see the target
using the computer mouse. The subject was not given any feedback
regarding the response. Stimulus contrast was changed in steps of 9% of
the previous contrast level during each trial. The program terminated after
12 reversals in each staircase. The ﬁrst four reversals in both staircases
were excluded while calculating the threshold. The threshold contrast
was calculated for d 0 = 1. Ten blank trials were randomly included in
the staircases to check for any false positive responses. The program auto-
matically terminated if there were more than two false positive responses
in a run.
All measurements were carried out with a 6 mm diameter artiﬁcial
pupil (to maintain a constant pupil size across subjects and refractive
groups) placed in a trial frame as close to the subject’s eye as possible.
The subject’s head was stabilised using a chin rest and a brow bar. The
subject was asked to ﬁxate at the centre of the stimulus and the artiﬁ-
cial pupil was centred on the foveal achromatic axis. The subject’s ach-
romatic axis was centered with the screen, horizontally and vertically,
by using a chromatic vernier target. The intercept of the visual axis
at the cornea can be determined by having the subject view a vernier
target, half of which is green and the other half red (Atchison & Smith,
2000). The subject viewed the vernier target at the test distance of 1 m,
through the artiﬁcial pupil (6 mm) diameter. If the artiﬁcial pupil is not
centred on the visual axis, there is a break in alignment of the green
and red halves of the target. The position of the subjects’ eye was
adjusted until alignment was obtained with the centre of the monitor.
The alignment was repeatedly tested several times during the
experiment.
A ﬁxation point was presented at the centre of the screen in the interval
between two target presentations. All subjects were trained for at least
2 hours to do the psychophysical tests before the measurements were taken.
The contrast detection in noise functions were measured ﬁrst with the sub-
ject’s optimal correction in place and then with +1.00 D, +0.50 D,
0.50 D, and 1.00 D defocusing lenses in a randomised order. At each
defocus level the contrast threshold was measured for at least four noise
levels.
Contrast detection in noise functions were measured for sine wave
gratings of 3 c/deg, with a purpose written program on a Macintosh com-
puter using the public domain NIH Image program (developed at the US
National Institutes of Health and available on the Internet at http://rsb.in-
fo.nih.gov/nih-image/). This spatial frequency was chosen as it was one of
the spatial frequencies where the asymmetry between positive and negative
defocus in myopes was largest (Radhakrishnan et al., 2004a). The CRT
monitor was calibrated using a CRS OptiCAL photometer. The average
luminance of the screen was 42 cd/m2. The experiments were performed
in the dark with the computer screen as the only source of light. The stim-
uli used were vertical sine wave gratings ﬁltered through a Gabor function.
Each Gabor patch subtended an angular size of 6 at the testing distance
of 1 m. The phase of the gratings with respect to ﬁxation was changed ran-
domly at each presentation. Static Gaussian white noise was used and gen-
erated digitally at four diﬀerent contrast levels (including zero) by altering
the standard deviation of the Gaussian function. Each pixel subtended an
angle of 0.02 at 1 m test distance. A new Gaussian noise image was used
for each new trial. The spectral density of the noise was calculated by using
the aperture power product method described in Legge et al. (1987). The
spectral densities of the four noise levels were 0, 4 · 106, 16 · 106, and
36 · 106 deg2 for measuring the in-focus contrast detection in noise func-
tion. Initial pilot studies showed that in the presence of ±1.00 D defocus
the critical noise level was higher than the maximum noise spectral densi-
ties used in the in-focus condition. Therefore, the subject could not detect
the presence of lower level noise masks in the presence of defocus. For this
reason, higher spectral densities of noise had to be used for this and the
noise spectral densities used in the presence of defocus were 0,
81 · 106, 144 · 106, and 225 · 106 deg2. At threshold, in the presence
of defocus, higher contrast was also required to perceive the Gabors. Since
a linear relationship exists between the signal energy and spectral density
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Fig. 2. Contrast detection in noise function for 3 c/deg with 0, +1.00 D
and 1.00 D defocus.
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the same way as the lower noise levels in the no-defocus conditions
(Fig. 2).
Ocular aberrations were measured with a Complete Ophthalmic Anal-
ysis System (Wavefront Sciences, Albuquerque, New Mexico) which uses
the Shack-Hartmann principle (Liang, Grimm, Goelz, & Bille, 1994; Liang
& Williams, 1997). The Hartmann-Shack plate in the instrument samples
at 0.6 mm intervals across the pupil. The average of three readings was
taken for the aberration measurements. The mean total RMS error (Zer-
nike orders 3–10), higher order RMS error (Zernike orders 5–10) and the
fourth order Zernike spherical aberration of the eye were recorded for
each subject.
The tenets of the Declaration of Helsinki were followed. Informed con-
sent was obtained from every subject after verbal and written explanation
of the nature and possible consequences of the study.
3. Results
The average contrast sensitivity for myopes and non-
myopes is shown in Fig. 3. This ﬁgure also includes a com-
parison between the contrast sensitivity with defocus in
myopes and emmetropes included in the present study0
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Fig. 3. Average contrast sensitivity with positive and negative defocus at
3 c/deg in Myopes (ﬁlled symbols) and Emmetropes (open symbols) in the
present study and the corresponding data from Radhakrishnan et al.
(2004a). The error bars represent ±1 standard error of mean.and the data from Radhakrishnan et al. (2004a) at 3 c/
deg. The in-focus contrast sensitivity in myopes was not
signiﬁcantly diﬀerent from non-myopes (ANOVA:
F1,9 = 0.14; p = 0.721). The contrast sensitivity in myopes
and emmetropes was found to be similar at all defocus lev-
els, except with 1.0 D defocus. Analysis of variance was
performed with contrast sensitivity as dependent variable
and refractive group and level of defocus as independent
variables. The results showed no signiﬁcant diﬀerence in
contrast sensitivity between myopes and non-myopes
(ANOVA: F1,49 = 0.07; p = 0.787). The magnitude of defo-
cus had a signiﬁcant eﬀect on contrast sensitivity
(ANOVA: F4,49 = 10.7; p = 0.0005). A signiﬁcant interac-
tion was found between the refractive group and the mag-
nitude of defocus (ANOVA: F4,49 = 5.12; p = 0.002). Post
hoc test (Tukeys HSD) showed a signiﬁcant diﬀerence in
contrast sensitivity between myopes and non-myopes with
1.00 D defocus (p = 0.0009). No signiﬁcant diﬀerence was
found between myopes and emmetropes at any other defo-
cus level (Tukeys HSD, p > 0.05).
Repeated measures ANOVA was carried out for the
contrast sensitivity with diﬀerent levels of defocus for each
group independently. In the myopic group, signiﬁcant dif-
ferences were found in contrast sensitivity between positive
and negative defocus (Repeated measures ANOVA:
F3,9 = 23.43; p = 0.002). Post hoc test (Tukeys HSD)
showed a signiﬁcant diﬀerence in contrast sensitivity
between +1.0 D and 1.0 D defocus in myopes
(p = 0.0009). Repeated measures Analysis of Variance car-
ried out for the non-myopic group showed no signiﬁcant
diﬀerences in contrast sensitivity between the diﬀerent lev-
els of positive and negative defocus (Repeated measures
ANOVA: F3,9 = 4.57; p = 0.099).
Fig. 4 shows the average sampling eﬃciency for myopes
and non-myopes at diﬀerent defocus levels for 3 c/deg. In
the absence of defocus, the mean sampling eﬃciency was
21.6 ± 3.0% in the non-myopic group and 24.6 ± 6.8% in
the myopic group. There were no signiﬁcant diﬀerences
between the two refractive groups (ANOVA: F1,9 = 0.3;
p = 0.599). Repeated measures analysis of variance was
performed with sampling eﬃciency as the dependent vari-Average sampling efficiency vs. Defocus
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Fig. 4. Average sampling eﬃciency for myopes (n = 5) and non-myopes
(n = 5) for diﬀerent defocus levels. The error bars represent ±1 standard
error of mean.
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as independent variable. The sampling eﬃciency of myopes
was not signiﬁcantly diﬀerent from non-myopes (Repeated
measures ANOVA: F1,3 = 3.07; p = 0.154). The magnitude
of defocus also had no signiﬁcant eﬀect on sampling eﬃ-
ciency (Repeated measures ANOVA: F4,12 = 1.82;
p = 0.172). No signiﬁcant interaction was found between
sampling eﬃciency with diﬀerent levels of defocus and
refractive group (Repeated measures ANOVA:
F4,12 = 1.84; p = 0.169).
The average equivalent noise levels in myopes and non-
myopes are shown in Fig. 5. In the absence of defocus, the
mean equivalent noise was found to be higher in myopes
(3.31 ± 2.69 · 106 deg2) when compared to non-myopes
(0.70 ± 0.77 · 106 deg2). However, this diﬀerence was
not found to be statistically signiﬁcant (ANOVA:
F1,9 = 4.4; p = 0.07). Repeated measures analysis of vari-
ance was performed with equivalent noise at diﬀerent levels
of defocus and with refractive group as the independent
variable. No signiﬁcant diﬀerence in equivalent noise was
found between the two refractive groups (Repeated mea-
sures ANOVA: F1,9 = 5.38; p = 0.103). The magnitude of
defocus had a signiﬁcant eﬀect on the equivalent noise
(Repeated measures ANOVA: F4,9 = 11.23; p = 0.001).
Signiﬁcant interaction was found between equivalent noise
at diﬀerent defocus levels and refractive group (Repeated
measures ANOVA: F4,9 = 4.45; p = 0.019). Post hoc test
(Tukeys HSD) showed that equivalent noise with
1.00 D defocus in myopes was signiﬁcantly diﬀerent from
equivalent noise with +1.00 D defocus (p = 0.0088). There
were no signiﬁcant diﬀerences are at any other defocus
level.
As it is evident from Fig. 5, in the non-myopic group the
equivalent noise is least at 0 D defocus and it increases as
the amount of defocus increases. No signiﬁcant diﬀerence
was found in the equivalent noise measured with positive
and negative defocus in the non-myopic group (Repeated
measures ANOVA: F4,4 = 5.4; p = 0.066). In the myopic
group the equivalent noise is maximum with +1.00 D defo-
cus and it is reduced for all other levels of defocus. Repeat-Fig. 5. Average equivalent noise for myopes (n = 5) and non-myopes
(n = 5) for diﬀerent defocus levels. The error bars represent ±1 standard
error of mean.ed ANOVA shows signiﬁcant diﬀerences in equivalent
noise levels between positive and negative defocus (Repeat-
ed measures ANOVA: F4,4 = 7.6; p = 0.001). Post hoc test
(Tukeys HSD) showed a signiﬁcant diﬀerence in equivalent
noise between +1.0 D and 1.0 D defocus (p = 0.034).
We compared the mean total RMS error (Zernike orders
3–10) of ocular aberrations in myopes and emmetropes. It
was found to be 0.473 ± 0.125 lm in myopes and
0.12 ± 0.088 lm in non-myopes. These compare well with
previous published data where the RMS error in the myo-
pic group has been shown to range between 0.23 and
0.56 lm and between 0.09 and 0.46 lm in the emmetropic
group (Charman, 2005; Cheng, Bradley, Hong, & Thibos,
2003; Guirao & Williams, 2003; He et al., 2000; He et al.,
2002; Llorente, Barbero, Cano, Dorronsoro, & Marcos,
2004). In our study, the diﬀerence in the total RMS error
between the two groups was found to be statistically signif-
icant (ANOVA: F1,9 = 26.65; p = 0.001). A signiﬁcant cor-
relation was found between the total RMS error of the eye
and the in-focus equivalent noise at 3 c/deg (Pearson corre-
lation coeﬃcient = 0.693; p = 0.026). We compared equiv-
alent noise and higher order RMS error as well. No
signiﬁcant correlation was shown between the equivalent
noise and the higher order RMS error (Zernike orders 5–
10), or the fourth order Zernike spherical aberration of
the eye (p > 0.05).
4. Discussion
Contrast sensitivity without defocus in myopes was not
found to be signiﬁcantly diﬀerent from that in non-myopes
at 3 c/deg. These results are in line with the ﬁndings of sev-
eral previous studies (Fiorentini & Maﬀei, 1976; Liou &
Chiu, 2001; Thorn, Corwin, & Comerford, 1986). Sampling
eﬃciency indicates how the visual system uses the available
stimulus information. The higher the sampling eﬃciency,
the more eﬀective the visual system is in extracting the stim-
ulus information and the equivalent noise represents the
magnitude of internal noise in the visual system. In the
absence of defocus, sampling eﬃciency was found to be
similar in myopes and emmetropes, and equivalent noise
was found to be higher in myopes than in non-myopes.
However, both sampling eﬃciency and equivalent noise
were found not to be signiﬁcantly diﬀerent between the
two groups under optimal focus conditions. This indicates
that both optical and neural systems behave similarly in
myopes and non-myopes under optimum focus conditions.
Contrast sensitivity with negative defocus (2.00 D) was
found to be higher in myopes (2.14 ± 0.15 log units) when
compared to non-myopes (1.47 ± 0.33 log units) at 3 c/deg
in our previous study (Radhakrishnan et al., 2004a). This
was also shown in this study for 1.00 D defocus
(Fig. 3). This reconﬁrms the ﬁndings of (Radhakrishnan
et al., 2004a) on an independent group of myopes. The
sampling eﬃciency in myopes was not found to be signiﬁ-
cantly diﬀerent from non-myopes at 3 c/deg (Fig. 4). This
indicates that the relatively lower loss of contrast sensitivity
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neural eﬀect.
Equivalent noise was found to be lower in myopes than
that in non-myopes in the presence of 1.0 D defocus
(Fig. 5). Myopes also showed a signiﬁcantly lower equiva-
lent noise level with 1.00 defocusing lens compared to
+1.00 lens. The lower equivalent noise in myopes is likely
to be the cause of better contrast sensitivity shown with
negative defocus in myopes, indicating that the higher con-
trast sensitivity shown in myopes with negative defocus is
likely to be of an optical origin. However, it is diﬃcult to
establish whether a relationship exists between the amount
of refractive error and the magnitude of equivalent noise
from the small number of subjects used in the study. For
that, it is appreciated that a much larger sample would
be necessary.
Laboratory based data have shown that purely optical
impediments, such as diﬀusers and defocusing lenses, pro-
duce an increase in the level of intrinsic noise only (Kersten
et al., 1988). The lower equivalent noise with negative defo-
cus in myopes indicates that the relatively higher contrast
sensitivity with negative lenses is a result of an optical
eﬀect. Since all subjects included in this study were healthy
young adults, the most likely optical factors that would
aﬀect the visual function in these subjects are ocular aber-
rations. This is further supported by the fact that our pre-
vious study (Radhakrishnan et al., 2004a) showed that the
asymmetry in contrast sensitivity loss in myopes can be
predicted from the modulation transfer functions calculat-
ed using spherical aberration and defocus. However, we
did not ﬁnd a signiﬁcant diﬀerence in spherical aberration
between myopes and non-myopes. The results from the
studies on ocular aberrations in myopes have been equivo-
cal. Some studies have shown that myopes have signiﬁcant-
ly higher amounts of ocular aberrations (root mean square
error) when compared to non-myopes (He et al., 2000; He
et al., 2002; Marcos, Moreno-Barriuso, Llorente, Navarro,
& Barbero, 2000; Paquin, Hamam, & Simonet, 2002; Sim-
onet, Hamam, Brunette, & Campbell, 1999). On the other
hand, some studies show no signiﬁcant diﬀerence in mono-
chromatic aberrations between myopes and non-myopes
(Carkeet, Luo, Tong, Saw, & Tan, 2002; Cheng et al.,
2003; Porter, Guirao, Cox, & Williams, 2001).
In our study, the total RMS (Zernike orders 3–10) of
wavefront aberrations was found to be signiﬁcantly corre-
lated with the equivalent noise at 3 c/deg. This shows that
equivalent noise levels could be a good predictor of the
ocular aberrations of the eye. Both equivalent noise at
3 c/deg (in the absence of defocus) and the total RMS of
wavefront aberrations in myopes were higher in myopes
when compared to non-myopes. We therefore hypothesise
that the higher equivalent noise in myopes is neutralised
by the negative defocusing lenses. In emmetropes, on the
other hand, the equivalent noise increases with negative
defocusing lenses.
The equivalent noise at 3 c/deg was not signiﬁcantly cor-
related with higher order RMS (Zernike orders 5–10) orwith spherical aberration of the eye. This indicates that
the equivalent noise is a collective measure of the optical
eﬀects of the eye and cannot be used as a predictor of indi-
vidual ocular aberrations.
These results allow us to put forward a hypothesis that
there is an internal optical eﬀect (internal noise) in myopes
which is neutralised by negative defocusing lenses thereby
decreasing the internal noise and increasing contrast sensi-
tivity at low-medium spatial frequencies. A large scale
study would be able to determine whether a relationship
exists between the ocular aberrations, equivalent noise,
and corresponding contrast sensitivity loss with negative
defocus in myopes.
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